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Abstract
The need for safe and clean water is growing, which has increased the search for sustainable, low-cost, and eco-friendly purification methods. This review explores the application of plants as natural agents in water purification, emphasizing their potential as alternatives to conventional chemical coagulants and disinfectants. Traditional purification techniques such as chlorination, reverse osmosis, and alum-based coagulation, though effective, present environmental, economic, and health challenges including high operational costs, generation of toxic by-products, and potential health risks. In contrast, plant-based coagulants and bioflocculants derived from species such as Moringa oleifera, Opuntia ficus indica, Aloe vera, and Salvia hispanica offer biodegradable, nontoxic, and cost-effective solutions. The mechanisms involved include coagulation-flocculation, adsorption, rhizofiltration, and physical filtration, each contributing uniquely to the elimination of organic contaminants, pathogens, heavy metals, and suspended particles. Case studies from China and India, the United States, and Nigeria demonstrate successful implementation of plant-based purification systems in both natural and constructed wetlands. Despite challenges related to extraction methods, variability in plant efficacy, and large land requirements, ongoing research into nanotechnology, genetic modification, and plant–microbe interactions promise to enhance their efficiency and scalability. Overall, the use of plants in water purification aligns with global goals for sustainable water management, offering a green, accessible, and effective alternative for communities particularly in developing regions.
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1.  INTRODUCTION
Water purification is the process of removing toxins, pathogens (such as bacteria, algae, viruses, and fungus), minerals (such as arsenic, manganese, and poisonous metals like copper, lead, and iron), and impurities from raw water (Schroth, 2024). Providing clean drinking water is a primary goal of water treatment. Plant extracts have actually been used for centuries to purify water by populations in Asia and Africa (Pan et al., 2014). This is because plants are less dangerous than commonly used chemical coagulants like aluminum sulphate. This method which was previously utilized in a traditional manner is now being provided in the era of "bio" as an environmentally friendly choice (Cardoso Valverde et al., 2018; Shewa and Dagnew, 2020).
 Several established water treatment techniques, such as reverse osmosis, ion exchange, UV radiation sterilization, chlorine, and aluminum sulphate, are becoming less sustainable, less ecological and expensive to run,  manage, and maintained particularly in Africa (Yongabi et al., 2011). For example, trichloromethane, a precursor to cancer, is produced by chlorine, and aluminium sulphate is associated to Alzheimer's disease (Samman et al., 2023). Certain microorganisms in water are becoming resistant to chlorine, which is used as a chemical disinfectant (Zhongqi et al., 2023). Furthermore, the cost of buying disinfectant and synthetic coagulants is high, thereby leading to increase in the price of purchasing treated water in Africa, thus, requiring the need for a green and easier technology for treatment and purification of water (Oyewole et al., 2023).
Certain plant species are known to possess coagulant and antibacterial qualities in indigenous knowledge (Megersa et al., 2014). These includes Melocactus sp., also called the pope's head or Turk's cap cactus; Opuntia sp., sometimes called the prickly pear, nopal, or cactus pear; Stenocereus griseus, sometimes called the organ pipe cactus; Cereus forbesii, sometimes called the Ming Thing; Aloe arborescens, sometimes called the candelabra or Krantz aloe; Aloe vera, sometimes called the Indian Aloe and Burn Aloe and Kabuli chickpea, sometimes called chickpea or chick pea. Duckweed, water hyacinth, and green algae (Chlorella vulgaris) are examples of aquatic plants that have been shown in a research to effectively remove BOD, COD, and metallic substances from wastewater. Among the plant-based compounds used for water purification across time, particularly in rural areas,  the seed of Moringa oleifera is one of the best coagulants (Delelegn et al., 2018; Varkey, 2020; Okunlola et al., 2020).  According to Badr El-Din and Abdel-Aziz (2018), these plants may serve as natural coagulants or flocculants in water treatment processes, providing a cost-effective and sustainable substitute.
 
Despite numerous studies on individual plant species, comprehensive evaluations of their mechanisms and scalability across diverse environmental contexts remain limited. The Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) standards was followed in conducting this review, employing databases such as Scopus, ScienceDirect, and Google Scholar to identify peer-reviewed articles published between 2010 and 2025.


2.   SIGNIFICANCE OF PLANTS FOR WATER PURIFICATION
Numerous plant-based disinfectants and coagulants have been discovered to be efficient. Alkaloids, phenols, quinones, flavonols, tannins, and coumarins are examples of phytochemicals that are numerous in plants and have antibacterial and water-purifying qualities (Ilori, 2023). 
A popular technique for treating raw water that improves the water's quality after treatment is flocculation/coagulation (Khettaf et al., 2021; Djeffal et al., 2021). Due to  their special flocculating qualities, nontoxicity, and biodegradability, bioflocculants have drawn a lot of interest and contribute to the creation of an ecologically friendly environment ( Ilori, 2023). For a very long time, suspended particles in water have been coagulated using plant extracts. It is known that forty plant species from 22 families and 38 genera are employed as coagulants and disinfectants. There are many plant species that have been used in water treatment produced by the Fabaceae family. The largest percentage was made up of trees, followed by herbs (Megersa et al., 2014 and Adeeyo et al., 2021). 

Abatneh et al. (2014) examined the effectiveness of extracts of guar gum, Jatropha curcas, and Moringa oleifera in treating water. The treated water's turbidity decreased, according to the findings. Lepidium sativum (Allafchian et al., 2019); Moringa oleifera (Agarwal et al., 2019; Zaid et al., 2019 and Alam et al., 2020); Aloe vera (Irma et al., 2015; Jaouadi et al., 2020), Salvia hispanica (Tawakkoly et al., 2019); Opuntia Ficus indica (Miller et al., 2008; Sellami et al., 2014; Nharingo et al., 2015 and Bouaouine et al., 2019); Trigonella foenum - graceum and Hibiscus esculentus (Jones and Bridgeman, 2019), Mesquite seed gum, guar, and Opuntia mucilage (Carpinteyro-Urban and Torres, 2013); Acorn leaves (Benalia et al., 2019);  Plantago ovata (Al-Hamadani et al., 2011); Albizia gum (Afolabi and Adekanmi, 2017); Date palm (Khiari et al., 2010); Tamarindus indica (Mishra et al., 2006); banana fruit peel (Zaid et al., 2019); tamarind and lime seeds (Ilori, 2023)  have been found to be effective flocculants and coagulants. (Ilori, 2023). 
[bookmark: bbib0109]It was shown that plant-based bioflocculants may remove heavy metals from both synthetic and non synthetic wastewater, together with organic contaminants. Opuntia ficus indica (Nharingo et al., 2015) and seeds of Moringa oleifera (Swelam et al., 2019) have been employed to extract heavy metals from waste water. Powdered Moringa oleifera seed was used by Zaid et al. (2019) as a bio-coagulant to eliminate turbidity during the process of water treatment. Dwari and Mishra (2019) observed that guar gum is an excellent turbidity reducer and an effective flocculant. According to Bouaouine et al. (2019), one effective plant-based bioflocculant for reducing turbidity is Opuntia ficus indica. Compared to chemical coagulants, natural coagulants are more accessible, less expensive, biodegradable, and generate less sludge when used for water treatment (Kristianto et al., 2018). 
In a study conducted by Hadadi et al. (2022), the natural coagulants Algerian Aloe vera (AV), Moringa oleifera (MO) seeds, Opuntia ficus indica (OFI) and Pinus halepensis seeds (PHS), yielded sludge volumes of, , and 22±1 mL/L, 25±1 mL/L , 26±1 mL/L and 30±1 mL/L respectively. These sludge volumes were less than those produced by the chemical coagulants’ ferric chloride and alum, which were 52±1 mL/L and 62± 1 mL/L, respectively. These coagulants are produced from plant materials and their usage are ecologically benign since their byproducts were biodegradable and organic (Hadadi et al., 2022). Thirugnanasambandham & Karri's (2021) research in India found that Azadirachta. Juss and Azadirachta indica, a natural coagulant, is relatively cheap to utilize ($USD 0.56/m3) for treating urban wastewater than aluminum sulphate ($USD 1.73/m3) (Diver et al., 2023). 

Asrafuzzaman et al., (2011) conducted a study on the application of bio-coagulants (Cicer arietinum, Dolichos lablab and Moringa oleifera) for turbidity reduction, and the results show that the bio-coagulants used was more effective with highly turbid waters than with slightly or moderately turbid waters. For instance, when Cicer arietinum was used as a coagulant, turbidity reduction efficiencies were 71.29%, 81.63% and 95.89% for low, moderate and highly turbid waters, respectively (Benalia et al., 2024c).

The influence of initial water turbidity on coagulation function has been the subject of numerous investigations. For instance, Odiyo et al,. found out  that the most effective coagulation activity was observed in waters with increased initial loads (380 NTU) with a percentage elimination of 71%, while coagulation efficiency was decreased with reduced initial turbidity (65 NTU), with the highest decrease in turbidity being 34.3% (Odiyo et al., 2017). Taiwo et al. (2020) conducted another experiment and discovered that raw water treated with Moringa oleifera was ineffective as a coagulant at low turbidity (50 NTU) compared to high turbidity (450 NTU), with turbidity elimination rates of 88.06% and 99.80% for 50 and 450 NTU, respectively.

3.    MECHANISMS OF PLANT-BASED WATER PURIFICATION
Several mechanisms are used in Plant-based water purification which includes coagulation-flocculation (where plant compounds bind impurities), adsorption (where materials like peels or fibers trap pollutants), rhizofiltration (using roots to absorb contaminants), and physical filtration through plant tissues like xylem. These methods can remove a range of contaminants, from suspended particles and heavy metals to certain bacteria and organic substance (Benalia et al., 2024a).
3.1     Coagulation-flocculation
Coagulants derived from plants, such as those from soybeans, use high-molecular-weight polymers that binds particles in suspension together forming bigger clumps (flocs) (Jonas et al., 2023). These coagulants derived from plants are mixed into the water to counteract the negative charge on particles, causing them to stick or adhere to one another and form bigger, heavier particles that settle out of the water (Benalia et al., 2024b). 
There are four primary coagulation mechanisms. These include scanning coagulation, polymer bridging, double-layer compression, and charge neutralization. In general, negatively charged colloidal particles has been destabilize by coagulation.  Colloidal particles are of two types: hydrophobic and hydrophilic. (1) Particles that are hydrophilic have a high strong bond with water. These particles are enveloped and surrounded in water and physiochemically bonded to certain groups in the substance, as in -COOH,-NH2 or -OH. The majority of hydrophilic colloidal particles are naturally organic. Among these materials are organic particles found in nature. Hydrophobic solutions are easier to destabilize than hydrophilic colloids (Iwuozor et al., 2023 and Benalia et al., 2024a). This is as a result of agglomeration of the water molecules that are surrounded and acted upon. (2) Particles that are hydrophobic  have no bond with water. They are said to be stable because of is the electric charge they carry, which produces a mutual repulsion,  preventing them from sticking together. These are generally clays and silica mineral particles. Some colloids are solely hydrophilic or hydrophobic. The presence or absence of a hydrophilic grouping differentiates them, thereby inducing a higher or lower limit of hydration (Bouchareb et al., 2021 and Baatache et al., 2024).

3.2   Adsorption
The mechanism of adsorption is used in plant-based water purification , where contaminants sticks to the surface of plant-derived materials, rather than being absorbed into the material itself. This is facilitated by the large surface area, porous structure, and chemical composition of the plant material (Allahkarami et al., 2025). Certain plant materials, such as banana peels, kapok fibers, and arenavasorbs, allows them to bind to and trap pollutants from the water by their porous structure. Contaminants like organic compounds heavy metals and salts adhere to the surface of the plant material. By adsorbing chemical species with opposing charges on the surface, this mechanism reduces the amount of repulsive interaction between other colloidal particles caused by the double layer (Allahkarami, and Monfared, 2024). These particles are specifically negatively charged. Colloids are particularly  Positive ions are supplied to the water to neutralize this charge, forming a layer around the colloid (Sharma and Sharma, 2014).  The entire surface of the colloid is firstly covered in a coating of positive ions, assuring its neutrality at longer distances (diffuse layer); and lastly, when a double layer forms, it means that the first layer adheres to the colloid, where the potential rapidly drops. With a slower potential decline, the second layer becomes more diffuse (Tawfik, 2022).

3.3    Rhizofiltration
This is a process whereby contaminated water is filtered through plant roots to remove excess nutrients or toxic substances, utilizing both absorption and adsorption processes. It is a form of phytoremediation. It is a cost-effective approach for efficiently eliminating low levels of contaminants and is also referred to as a biogeochemical filter (Kristanti et al., 2021). Aquatic plants are utilized to absorb and store pollutants in their root systems. Plant roots may absorb excess nutrients such as nitrogen and phosphorus, as demonstrated in phytoremediation. Some plant roots and related microorganisms can precipitate heavy metals (such as lead and chromium) into an insoluble form within the root structure   (Syamla and Sayantan, 2024). Rhizofiltration filters water by employing plant roots to absorb and concentrate pollutants such as heavy metals from a solution, a process that entails adsorption, absorption, and precipitation. The plant's root system functions as a filter, absorbing contaminants from the water and sequestering or converting them to less hazardous forms. Once saturated, the plants are harvested and disposed of, removing the pollutants from the water (Yan et al., 2020). The primary methods are adsorption (pollutants, particularly heavy metals, physically bind to the surface of the root system) and absorption (plants actively take up and transport contaminants from the water into the root tissues, facilitated by the large surface area of the root system), Precipitation (Metal pollutants can precipitate out of the water, generating insoluble compounds that are stored in the root zone), Phytoextraction (Some plants are especially chosen for their ability to translocate metals to their shoots and leaves, allowing their removal from the water by harvesting the entire plant).

Phytostabilization (In this process, plants immobilize contaminants within the root zone, preventing them from spreading further into the environment); Bacterial interaction (The root zone (rhizosphere) also hosts beneficial microorganisms that can work with the roots to degrade or transform pollutants) Plants can utilize enzymes to convert organic contaminants into less hazardous substances  (Kumar et al., 2025 and Mohamed et al., 2025).

3.4   Physical filtration
Physical filtration is a plant-based water purification method that use natural, porous media such as sand and gravel to mechanically trap and remove pollutants from water. As water travels through layers of these materials, solid particles, sediment, and other suspended solids are caught in the spaces between the grains, while filtered water flows through to the bottom (Akinwunmi and Adebanwi,, 2024). This procedure is a physical straining mechanism that requires the particles to be smaller than the pores in the filter media. Some plants' natural structures allow them to physically block and filter pollutants. Water flows through the xylem tissue of woody plants (such as pine or cypress tree branches), where the cell membranes serve as a physical barrier to filter away particles and microorganisms (Hanief et al., 2021).

The primary mechanism of physical filteration is straining and sieving (where the filter medium acts as a barrier and large debris is first removed by coarse screens), Adhesion (Particles can also cling to the surface of the filter medium and to each other), Sedimentation (in some systems, water is allowed to settle in a tank before or after filtration, allowing heavier particles to settle to the bottom and reducing the load on the filters) and Backwashing (over time, the filter medium becomes clogged with trapped solids, making the process less effective). A process called backwashing is usually used to clean the filter which involves pushing water and air through the filter in the reverse direction. This agitates the material and washes out the accumulated pollutants, restoring the filter's effectiveness (Cescon and Jiang 2020; Bhattacharyya el al., 2021). 

Table 1:   Examples of plants and their function in water purification

	Plant 
	Example Part(s)
	Function in Water Purification

	Physic nut
	Latex
	Function as an organic coagulant to help clump and eliminate suspended particles and impurities.

	Water Melon
	Seeds
	Used as an organic coagulant aid to help clear muddy water.

	Cattail
	Roots and rhizomes
	Absorb nutrients and pollutants from water, particularly in wetlands.

	Water Hyacinth
	Roots and stems
	Filters and absorbs pollutants, heavy metals, and excess nutrients from water.

	Duckweed
	Whole plant
	Absorbs nutrients and can be used to treat wastewater.

	Sunflower
	Roots
	Used in rhizofiltration to absorb and remove heavy metals and other water contaminants.

	Moringa
	Seeds
	Function as an organic coagulant to eliminate floated solids and pathogens from water.

	Water Lettuce
	Whole plant
	Absorbs and removes various pollutants from water, improving water quality.

	Lotus
	Roots 
and
leaves
	Can absorb heavy metals and other contaminants from water.

	Mustard Spinach
	Roots
	Used in rhizofiltration to absorb contaminants from polluted water.

	Tobacco
	Roots
	Used in rhizofiltration for the elimination of metallic compounds from water contamination.

	Peas
	Seeds
	Can be used as an organic coagulant in purifying water.

	Banana
	Stem
	Its derived products can be used as an organic coagulant for  treatment of waste water

	Cucumber
	Seeds
	Used as an organic coagulant in some regions to purify water.

	Papyrus
	Roots
	Filters water and can help remove pollutants.

	Vetiver Grass
	Roots
	Filters and stabilizes soil, preventing runoff from carrying pollutants into waterways.

	Water Lily
	Roots and leaves
	Can absorb heavy metals and other pollutants from water.

	Water Chestnut
	Roots
	Filters nutrients and other contaminants from water.

	Rye
	Roots
	Used in rhizofiltration to remove heavy metals from contaminated water.

	Soybean
	Seeds
	Can be used as a coagulant to help clear water.



Source : (Jodi et al.,2012 and Bindhu et al., 2023)



4.  APPLICATIONS AND CASE STUDIES
Many communities throughout the world have previously used plant-based solutions for water purification with notable effectiveness (Agus et al., 2023).
i      East Kolkata Wetlands, India
These wetlands naturally purify more than 900 million litres of wastewater per day using fish ponds and vegetation. This concept has become an international example of sustainable urban garbage management (Saha et al., 2021).
ii    Floating Treatment Wetlands, China
In  urban cities, floating vegetation islands are installed in lakes and canals to prevent nutrient pollution. Many smart eco-city concepts incorporate floating wetlands (Batista et al.,2025)
iii   Constructed Wetlands in the USA and Europe
Municipalities have created constructed wetlands to handle both domestic and industrial wastewater. These systems simulate natural wetlands and have proven particularly efficient in decreasing total suspended solids (TSS),  nutrient levels and biological oxygen demand (BOD) (Vymazal, 2022).
iv    Northern Nigeria: 
Plants such as Locust bean, Moringa, and Baobab have been historically used for water treatment by tribes (Edogbanya and Obaje, 2021).
v   Eastern Nigeria: 
The Igbo people have a history of using corn silk, palm fibers, banana and plantain stems for purification. Niger Delta: Research in the Niger Delta has focused on using plants to clean up produced water from oil and gas activities, with the goal of reducing hazardous substances such as PAHs (Polycyclic aromatic hydrocarbons). While treatment was effective in decreasing PAHs to below limits, the removal of BTEX (Benzene, Toluene, Ethylbenzene, and Xylenes) to acceptable levels was less efficient (Amakiri, 2023).	 
5.   LIMITATIONS AND CHALLENGES
Unlike traditional chemical coagulants, which are easily purchased and used, plant-based coagulants must undergo certain procedures before they may be used for treatment (Kurniawan et al., 2020). Natural coagulants may be extracted from plants using a variety of techniques, depending on the characteristics of the plant (Ali et al., 2010). These techniques often include crushing, sieving, dialysis, washing, delipidating, elimination of insoluble materials, filtering, and ion exchange. Because the typical chemical coagulants now in use are easily accessible, the processing that must be done each time they are used presents a difficulty. In order to facilitate the practical and accessible use of  plants, these intricate extraction procedures must be made simpler. Subsequent investigations have to concentrate on prolonging the shelf life of active ingredients and turning them into a powder for simpler storage and handling (Kurniawan et al., 2020). Also,   plants used for water purification is slower compared to chemical or industrial method and effectiveness of the plants may vary with plant species, water type and climate. It also requires space for construction of wetlands and need lands which could be scarce in urban areas.

6.  FUTURE PROSPECTS
Future prospects for using plants in water purification includes advancements in nanotechnology (Incorporating nanoparticles can improve plants' ability to take up and break down contaminants), genetic engineering (Using tools like CRISPR/Cas9 to modify plants can create more resilient varieties with enhanced pollutant absorption and degradation capabilities), and microbial synergy (Optimizing the beneficial relationships between plants and microbes can boost the overall efficiency of pollutant removal) to enhance natural processes like phytoremediation and coagulation. Innovations are also focused on creating plant-based filters and optimizing natural systems like constructed wetlands to improve efficiency and address specific pollutants. he goal is to improve plant capacities and imitate natural filtering systems to create more effective, sustainable, and cost-effective ways, particularly in areas with limited resources. Plant-based purification aligns with SDG 6 by promoting affordable and clean water access while minimizing environmental impacts.

7.   CONCLUSION
Nature has always had its own method of healing, and plants are one of her most effective tools. As we strive for more sustainable living and urban resilience, green solutions such as phytoremediation provide a viable pathway forward. They not only purify our water, but also restore ecosystems, foster biodiversity, and reconnect us with nature. Incorporating plants into water purification is more than just a scientific procedure; it is a step towards harmony between human growth and the environment. With appropriate design, effort, and community involvement, this green solution has the capability of producing  a healthier, cleaner and more sustainable future.
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